Abstract Carbon fibre-reinforced polymer (CFRP) composites have found wide applications in the aerospace, marine, sports and automotive industries owing to their lightweight and acceptable mechanical properties compared to the commonly used metallic materials. Machining of CFRP composites using lasers can be challenging due to inhomogeneity in the material properties and structures, which can lead to thermal damages during laser processing. In the previous studies, Nd:YAG, diode-pumped solidstate, CO 2 (continuous wave), disc and fibre lasers were used in cutting CFRP composites and the control of damages such as the size of heat-affected zones (HAZs) remains a challenge. In this paper, a short-pulsed (8 ls) transversely excited atmospheric pressure CO 2 laser was used, for the first time, to machine CFRP composites. The laser has high peak powers (up to 250 kW) and excellent absorption by both the carbon fibre and the epoxy binder. Design of experiment and statistical modelling, based on response surface methodology, was used to understand the interactions between the process parameters such as laser fluence, repetition rate and cutting speed and their effects on the cut quality characteristics including size of HAZ, machining depth and material removal rate (MRR). Based on this study, process parameter optimization was carried out to minimize the HAZ and maximize the MRR. A discussion is given on the potential applications and comparisons to other lasers in machining CFRP.
Introduction
Composite materials such as CFRP composites have distinct advantages over conventional materials. CFRPs are gaining widespread uses in many applications where lightweight, high strength and corrosion resistance are essential, such as in the aerospace, automotive and marine industries [1] . Although the structures made by composites are often constructed and cured to the required shape, machining, such as trimming of the edges and drilling of assembly/fastening holes, remains unavoidable [2] . A carbon fibre-reinforced polymer consists of higher-strength abrasive fibres bonded within a weak polymer. This structure is heterogeneous and anisotropic depending on the constituent's physical properties, fibre orientation and laminar arrangement.
The inhomogeneity in the material properties and structures of CFRP composites makes their machining difficult by using mechanical, electrical discharge, abrasive water jet machining and lasers [3] . CFRP composites are more difficult to machine than conventional materials generally because they are heat sensitive and the carbon fibres are very abrasive [4] . Furthermore, the machining process can significantly affect these materials, leading to various forms of damages, such as delamination, fibres pull-out and heat damages. This can result in components being rejected at the last stage of their production sequence [5] . The main machining techniques used for CFRPs are mechanical cutting such as sawing, milling, drilling or grinding. Also, abrasive water jet (AWJ) cutting is used, due to its low tool wear and avoidance of heat-affected zone. Mechanical machining of CFRP composites often leads to excessive tool wear and delamination (e.g. Fig. 1 ) on fibre.
These result in an under-utilization of tools, as they have to be changed at low tool wear levels to control the process & A. Salama adel.salama@postgrad.manchester.ac.uk; afsalama405@yahoo.com quality. These conditions increase machining time and cost. Abrasive water jet machining as an alternative processing technique yields good cut quality (no heat-affected zones) with lower tool wear than mechanical processing. However, such techniques need to cope with the water treatment, acoustic noise hazards and abrasive slurry disposal. In addition, they introduce moisture absorption and abrasive penetration of the cut surfaces [6] . Delamination and abrasive embedment between plies are also of major concern during AWJ machining of composites [7] . A laser as a focused, coherent beam of light has been widely used in various industrial applications for cutting and drilling due to its high speed, flexibility, ease of automation and being a non-contact process [8] . It offers several advantages, such as free of tool wear and contact force-induced problems [9] . However, as laser machining of CFRP composite is based on the interaction of a laser beam with at least two different materials with large material property differences, defects that are thermal in origin, such as HAZ, charring, matrix recession and delamination, are generated which are major obstacles in advancing laser machining of CFRP composites [3] . Among these defects HAZs may damage the structural properties of the composite materials [6] . Consequently, it is considered as a critical quality parameter in assessing the quality of the laser cutting of CFRP composites in this work. The large difference in thermal properties between the two constituent materials of CFRP composites results in excessive heat-affected zones [10] . This is considered as the major obstacle for wide industry applications of laser machining of CFRP composites. Minimizing or eliminating HAZ in the polymer matrix is a major challenge of laser processing of CFRP [7] . Since the HAZ is correlated with the lasermaterial interaction time, an approach to decrease it could involve the use of faster scanning speeds or shorter laser pulses. The release of high peak power in short time in pulsed laser mode results in quick evaporation of the material. This would reduce the heat absorbed by the matrix and hence limiting HAZ extension. Furthermore, the use of lasers in the pulsed mode allows for some cooling of the processed materials during the pulse-off time [11] . A TEA (transversely excited atmospheric pressure) CO 2 laser is a short-pulsed gas laser operating with a CO 2 , N 2 and H 2 gas mixture at high pressures (1 atm or above) [12, 13] and produces higher peak powers ([100 kW) in short pulses (in the range of microseconds). The combination of high peak powers, short interaction time and good absorption of CO 2 wavelength by both matrix and fibres allows better coupling of the laser energy into the material, and thus, the heat damage could be reduced [7] . Except the machining of CFRP, the TEA CO 2 laser have been used in different fields of applications such as medical surgery [14] , laser-material processing such as paint stripping, [15] [16] [17] and in non-destructive testing of composite materials in aerospace industry [18] . In contrast, considerable research work using other laser sources has been performed to investigate the laser processing of CFRP composite. Mathew et al. [2] used a Nd:YAG pulsed laser to identify and optimize the important parameters for machining of CFRP using a response surface methodology. These parameters include pulse energy, pulse duration, cutting speed, pulse repetition rate and gas pressure. The HAZ size achieved was between 0.5 and 2.4 mm. Herzog et al. [19] compared the effect of cutting on static strength of a CFRP laminate using a pulsed Nd:YAG laser, a disc laser and a continuous-wave CO 2 laser. They found that samples processed by the Nd:YAG laser had less HAZ and higher static and bending strengths. The HAZ sizes were in the range of 0.63-1.5 mm for all three lasers. Li et al. [20] used a diode-pumped solid-state UV laser to investigate the machining quality of CFRP. They showed that minimum HAZ (around 30-50 lm) can be obtained using a nanosecond pulsed UV laser. Negarestani et al. [10] developed a three-dimensional model to simulate the transient temperature field and subsequent material removal on a heterogeneous fibre-matrix mesh in laser machining of CFRP composite. They predicted the dimensions of the HAZ during laser machining of CFRP. The effect of laser parameters such as laser wavelength, power density, scanning speed and process gas on CFRP behaviour was studied by Negarestani and Li [21] . They also compared the laser machining process with other machining techniques such as mechanical and water jet techniques. The influence of processing parameters, in both continuous and pulsed-mode (millisecond) CO 2 laser, on the cut quality of CFRP was studied by Riverio et al. [22] . They found that the minimum heat-affected zone (0.54 mm) was obtained using CO 2 laser working in pulsed mode. Leone et al. [23] investigated the use of multi-passes laser scanning technique in cutting of CFRP thin sheets using a 30-W MOPA Q-switched pulsed Yb:YAG fibre laser. They found that the kerf geometry was mainly affected by the scanning speed. Furthermore, the HAZ extent was influenced by the scanning speed as well as pulse power. Table 1 summarizes the cutting quality (HAZ) obtained with some laser types in processing of CFRP composites. The large number of laser processing parameters necessitates the use of statistical modelling technique in order to understand the process parameter interactions. Mathew et al. [2] used response surface modelling (RSM) with central composite design (CCD) for experimental design and process parameter optimization of pulsed Nd:YAG laser cutting fibre-reinforced plastic composite sheet of 2 mm in thickness. The input factors were pulse energy, cutting speed, pulse duration, pulse repetition rate and gas pressure, while the output responses were HAZ and wall taper angle. Negarestani et al. [3] similarly performed a statistical analysis based on RSM and CCD to optimize the process parameters (pulse frequency, pulse energy and cutting speed) to improve the cut quality (fibre pull-out, taper angle and material remover rate) in nanosecond pulsed DPSS Nd:YAG laser cutting of CFRP composites with mixed reactive and inert gases. Negarestani et al. [24] also implemented, recently, statistical analysis based on RSM to optimize the process parameters during fibre laser cutting of carbon fibre-reinforced polymeric composites.
In the present work, TEA CO 2 laser machining of CFRP composite is reported for the first time. Design of experiments was used to understand the parameter interactions in the TEA CO 2 laser cutting of CFRP. These parameters include laser fluence, repetition rate and scanning speed. The effect of these parameters on the process behaviour including heat-affected zones, machining depth and material removal rate for the machining of CFRP was investigated.
Experimental methods

Design of experiments
Laser processing of material involves numerous parameters, which need to be optimized to achieve the required outcomes. The one-factor variation at a time approach commonly used requires a large number of runs and does not allow for the investigation of process variable interactions [26] . In order to tackle these difficulties the design of experiment statistical technique can be used. DOE is an [28] also employed the RSM based on CCD during ultra-narrow-gap laser welding of thick-section stainless steel to develop statistical models to understand the process parameter interactions and optimize the welding parameters. El-Taweel et al. [29] used Taguchi method to understand the effect of laser parameters on the cut quality during CO 2 laser cutting of Kevlar-49 composite and to determine the significant parameters and optimize the cutting parameters for better quality. Among these techniques RSM is a combination of mathematical and statistical techniques to correlate experimental responses with the input variables in mathematical models to optimize these responses. Moreover, the effect of variable interactions on responses can be graphically presented in a three-dimensional surface. Consequently, a Design Expert Ò software tool was used in this work for the experimental design using response surface methodology based on central composite design to show the effect of combinations of factors on behaviour of process responses and to develop mathematical models which relate the input laser variables (laser fluence, repetition rate and scanning speed) with the output responses (cross-sectional heat-affected zone, machining depth and material removal rate). Table 2 shows the input laser variables used and their levels. Six replications of centre runs were used for accurate estimation of the overall process errors. The selection of these operating parameter ranges was based on initial screening experiment to enable CFRP machining to take place. The fluence range was chosen to allow high ablation rates to be studied (Fig. 5 ).
Experimental procedure and materials
The laser cutting experiments was performed using Lumonics Impact 3150 HP TEA CO 2 laser system. The laser system specifications are listed in Table 3 . The laser beam was delivered to the work piece by means of mirrors and focusing optics. An Aerotech computer-controlled X-Y CNC stage was used to traverse the workpieces. A multiple pass strategy was used during the machining. The schematic diagram of experimental setup is shown in Fig. 2 . A square mask was used in the beam path before the focusing optics to select a uniform part of the laser beam and obtain a beam spot with sharp edges (Fig. 3b) . A rectangular beam spot with a size of 0.9 mm by 0.9 mm obtained by passing the laser through a focussing lens (focal length 200 mm) was used in the experiment. This was used to reduce the heat-affected zone with a standard Gaussian beam geometry with large beam tapers (Fig. 3a) .
The workpiece materials used for the studies were woven CFRP composite (Fig. 4a ) of 80 mm long, 20 mm wide and 1.5 mm thick. The carbon fibre volume fraction was 55 %, and the matrix was epoxy resin. Experiments were performed to study the effect of laser process parameters, i.e. laser fluence, repetition rate and scanning speed on cross-sectional HAZ, machining depth and material removal rate. Each data point for all experimental responses was obtained by averaging the measured results for three measuring places along the length of laser machining.
The size of the cross-sectional HAZ (Fig. 4b) and laser machining quality were studied using optical microscopy. The material removal rate was calculated using:
where a is measured cross-sectional area in mm 2 , l is machined length in mm, v is scanning speed in mm/min, and n is number of machining passes.
Results
The effect of the number of laser pulses impinging the CFRP sample surface for three different laser fluences within low, intermediate and high range is shown in Fig. 5 . A linear response of the ablation depth for an increasing of number of pulses can be clearly seen. The average ablation depth increased with the increase in the laser fluence, as expected. The ablation depth varied from 1.4 lm/pulse at were determined using curve fitting and Eqs. (2) and (3) [30] .
where d the ablation rate, a the absorption coefficient (cm -1) , F the laser fluence (energy density) and F th the threshold fluence. Moreover, the thermal loading c (J/cm 3 ) of the CFRP can be calculated by:
Statistical models
The design matrix of process variables and the measured responses and the ANOVA tables for the responses obtained in this work are shown in ''Appendix''. Statistical empirical models with the best fit for the measured responses (cross-sectional HAZ, machining depth and MRR) were developed. To obtain the best-fit models, the suitability of proposed models were tested according to f value, lack of fit and ANOVA. [28] . These values indicate the suitability of the RSM models. The models are more accurate if these values are closer to one. The Ŕ 2 is the ratio of squares of the model to the sum of squares of the total. The adjusted Ŕ 2 was calculated according to Eq. (4) [28] .
where ń is the number of experiments and p is the number of model parameters. In addition, the models of the responses were analysed by the normal plot of residuals and the residuals versus predicted chart (see ''Appendix'') to ensure the model suitability [31] . It can be seen from these plots that the points follow a normal distribution and the points scattered about the reference line. In order to optimize the response (g r ) and to analyse relationship between the response and the input variables (x i and x j ) the general second-order polynomial Eq. (5) is usually used in RSM [32] .
where b 0 is the responses at the centre point and b i , b jj , b ij are the coefficients of linear, quadratic and interaction factors, respectively. The ANOVA tables (see ''Appendix'') for cross-sectional HAZ, machining depth and MRR summarize the significant variables and the adequacy measures Ŕ 2 , adjusted Ŕ 2 and predicted Ŕ 2 . The ANOVA tables show that the response models are significant and the lack of fit is insignificant. In addition, the ''Adeq Precision'' value which measures the signal-to-noise ratio indicates an adequate signal and the model can navigate the design space. A ratio greater than 4 is desirable. Therefore, the developed empirical models of cross-sectional HAZ, machining depth and MRR in terms of actual factors are shown in Eqs. (6)- (8) 
Material removal rate ¼ À7:03 þ 0:10
where A, B and C are fluence, repetition rate and scanning speed, respectively (dimensions shown in Table 2 ). The statistical empirical models were compared with experimental results. The deviations were 1 lm for crosssectional HAZ, 0.2 lm for the machining depth and 1 mm 3 /min for the material removal rate.
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Effect of process parameters on the machining responses
The effect of laser machining parameters and their interactions on the machining responses are presented in this section by considering perturbation graphs and 3D response surfaces for all responses. Figure 7 is the perturbation plot that shows the effect of process parameters on the cross-sectional HAZ. It is apparent from this plot that the scanning speed is the most significant factor for HAZ. An increase in scanning speed can lead to a reduction of HAZ. It can also be observed from this figure that an increase of laser fluence increases the HAZ. The plot also shows minimum HAZ at low and high repetition rates. The relationships between all these process parameters are provided in Fig. 8 . The values of cross-sectional HAZ range from 19 to 29 lm. It is clearly seen in Fig. 8a -c that reducing the laser fluence and increasing the scanning speed reduce the HAZ. The HAZ was minimum at lowest and highest repetition rate, whereas at middle value it was maximum. Figures 9 and 10 show the microscopic observations of the effect of lower and higher values of process variables on cross-sectional and top-surface HAZ, respectively. They show tapered cross sections, irregular wall shapes and top-surface burns.
Cross-sectional HAZ
Machining depth
The perturbation plot in Fig. 11 shows the effect of laser parameters on machining depth. It shows that the scanning speed has the most significant effect on the machining depth. It is also observed that the machining depth increases by increasing the fluence and repetition rate, while decreasing with increases in the scanning speed. The response surface graphs presented in Fig. 12 show the effect of parameter interactions on the machining depth. It can be seen that the repetition rate and scanning speed interactions have a significant effect in which the highest machining depth can be obtained at a high repetition rate and a low scanning speed (Fig. 12c) . It is also seen in Fig. 12a , b that the increase of laser fluence increases the machining depth. The effect of extreme values (low/high) of the process parameters on machining depth response is shown in Fig. 13 . Figure 14 is a perturbation plot that shows the effect of laser fluence, repetition rate and scanning speed on MRR. It is observed that the repetition rate is the most effective parameter on MRR due to the high energy deposited per unit length at high repetition rate. The plot shows that the scanning speed has less effect on MRR compared with the other two parameters. The 3D surface response diagram in Fig. 15 shows the effect of parameter interactions on material removal rate. The MRR can be improved by increasing the repetition rate and laser fluence in Fig. 15a . It is also observed in Fig. 15b , c that the scanning speed has less effect on the MRR.
Material removal rate
Optimization
The optimization of the responses was performed using numerical and graphical optimization by choosing the preferred goals for each variable and response. The statistical optimization performed based on the desirability function. The desirability function (Eq. 9) is the geometric mean of individual desirability ranging from zero for undesirable value to one for highest desirable value [31] .
where n is the overall desirability, ń is the number of responses, and d i is the ith response desirability value. 
where ý is the predicted response value; A, B and C are minimum, target and maximum response values, respectively; s and t are exponents that qualify the proximity of responses to the target value. The desirability varies from 0 to 1 according to the goal options (i.e. none, minimum, maximum, in range or target) and the response value ý, d i = 1 if response value equals the target B, di = 0 if response value less than minimum value A and 0 \ d i [ 1 if the response value varies from minimum value A to maximum value C. The first part of Eq. (10) is used if maximized response is needed, whereas second part is used for minimization. The numerical optimization condition for all variables and responses is shown in Table 4 , and the optimum numerical solution is shown in Table 5 . The requirements in this work are to minimize cross-sectional HAZ, maximize machining depth and maximize the material removal rate. The highest importance was given to minimize the cross-sectional HAZ. The optimized operating window is shown in Fig. 16 . The shaded region in the overlay plots is the region of the optimal working conditions that allow for selection of the optimum machining parameters. The overlay plot of graphical optimization is practically helpful for rapid determination of a process window among the numerous laser parameters values to achieve the required responses.
Optimum parameter validation
The predicted optimum numerical solution was validated experimentally. The average of three measured results were calculated and compared with predicted results. developed are accurate and the deviations were in acceptable range. The standard deviations were considered for measurement errors. The microscopic observation quality of the machined sample using the optimum numerical solutions is shown in Fig. 17 .
Discussion
The ANOVA results for cross-sectional HAZ indicate that the fluence, A, the scanning speed, C, and the quadratic terms heat input to the machining zone at high fluence results in a large HAZ. Moreover, reducing the scanning speed leads to long laser-material interaction time and highpulse spot overlaps which create large HAZs. The higher is the scanning speed, the less the energy input per unite length to the materials and hence lower is the HAZ. At low-pulse repetition rates the pulse peak power is high enough to increase the machining ability, while giving time for the material to cool and therefore the material is removed with less heat spreading to the bulk materials. The reason for HAZ being reduced above certain value of repetition rate can be attributed to the reduction in pulse energy as the repetition rate was increased [34] . Furthermore, the drop of peak power at higher repetition rate weakens the pulse and reduces the temperature on the machining zone [35] . The ANOVA table of machining depth reveals that the fluence, repetition rate, scanning speed, the interaction between fluence and speed, the interaction between repetition rate and scanning speed, the quadratic terms of scanning speed are the most significant terms affecting the machining depth. The effects of fluence, repetition rate and scanning speed in Fig. 12 indicate that high machining depth can be obtained at low scanning speed and high fluence and repetition rate. This is believed to be due to long laser-material interaction time at low scanning speed and high energy deposited to the machining zone due to large number of laser pulses.
The ANOVA of MRR indicates that repetition rates and laser fluences are significant terms, whereas the scanning speed has less effect compared to the repetition rate and fluence. The higher the repetition rate the higher the material composition (parallel and perpendicular fibre direction to laser motion) make the cross section not smooth. This could be attributed to the difference in thermal conductivity of the carbon fibre in axial and radial directions (higher in axial direction than radial) also to the low thermal conductivity of the matrix, i.e. 50 W/m.K for carbon fibre and 0.1 W/m.K for epoxy [21] . In the areas where the fibres were parallel to the laser motion the kerf was wider. In these areas the heat conducted away along the fibres and work to preheat the material ahead of the laser beam. This can enhance the energy existing in these areas, due to less heat conduction in radial direction, and leads to more material removal, whereas when the fibres were perpendicular to the laser motion the efficiency of the process reduced due to the loss of the generated heat from the machining zone by conducting away through fibres leading to reduction in the cross section [36] . In addition to the irregular cut section, the cross-sectional views show taper walls of the cut in which the kerf (c) Fig. 15 Surface response graphs of material removal rate model; a repetition rate-fluence, b fluence-speed, c speed-repetition rate width reduced as the machining depth increases. The reduction of the kerf width at the bottom could be due to the side wall absorption of the laser beam resulting in less laser energy at the kerf bottom, thereby reducing the kerf width [37] . Moreover, the reduction of the laser energy absorbed by the material as the depth increases due to plasma/plume scattering of the laser beam and the reduction of energy density due to the laser beam divergence after the focal point is another reason for the tapering [2] .
The top-surface charring shown in Fig. 10 is related to the nature of the surface (glossy surface) and beam shape (Fig. 3b) in which higher power density is at the beam centre and reduced away from the centre, also due to the plasma and ejected vapour generated which reheat the top surface and causes high thermal damage. On the contrary, little HAZ is shown at the middle of cross section along the fibre perpendicular to the cut path. This could be due to less heat localized. In Fig. 17 , some de-bounded fibres are shown at the bottom surface where the fibre direction is parallel to the cutting path. Referring to what mentioned before, less laser energy reaching the kerf bottom and the localized heat at this region are enough to remove some of the carbon fibres but high enough to vaporize the epoxy matrix leaving some de-bonding fibres.
The improved quality obtained using TEA CO 2 laser is attributable to the high absorptivity of the carbon fibres and the matrix to the CO 2 wavelength of 10.6 lm, where the laser radiations are absorbed simultaneously by both the carbon fibre and polymer making effective disintegration of polymer much more easily. The advantage of that is that polymer can disintegrate more quickly. This makes the TEA CO 2 laser different from other lasers such as YAG Fig. 16 Overlay plot shows the optimal working region where the yellow zone is the optimized process window. The HAZ plotted is the cross-sectional HAZ (1064 nm) and Yb-fibre laser (1070 nm) where the laser is mainly absorbed by the carbon fibre and is normally transparent to polymer. These near-IR lasers heat the carbon fibre, and the heat is conducted from the carbon fibre to the polymer; thus, it is less affective and generates larger heat-affected zones [7, 38] . Furthermore, the high peak power of TEA CO 2 laser (250 kW) released on a short time results in rapid ablation of the CFRP composite leaving little time for the heat to propagate to the surrounding materials, and the cooling time between the pulses further improves the machining equality. Figure 18 compares and summarizes the heat-affected zone generation using laser cutting machining methods. It is clear from the figure that shorter pulses would enable better quality cutting for CFRPs. The current state of the art shows the capability of laser machining to achieve HAZ within tens of micrometres. The TEA CO 2 laser machining of CFRP shows better quality and low machining rate than those obtained using continuous CO 2 , fibre and Nd:YAG lasers [3, 39] , whereas it is showing inferior quality than those obtained using femtosecond and picosecond lasers, but its machining rate is higher than fs and ps lasers [25] . The highly efficient and low operating cost [40, 41] , better quality compared with CW CO 2 , fibre and YAG lasers and higher machining rate than picosecond laser make the TEA CO 2 laser potentially a practical tool for scarf repair of CFRP composite, acoustic hole drilling, edge trimming applications. Furthermore, since TEA CO 2 lasers with an average power of more than 1 kW have become available [17] , practical use of TEA CO 2 lasers for machining CFRP composite may become economically and practically viable.
Conclusions
This paper presented pulsed TEA CO 2 laser machining of carbon fibre-reinforced polymer composites for the first time. The influence of laser fluence, repetition rate and scanning speed on cross-sectional heat-affected zone extension, machining depth and material removal rate has been investigated using design of experiment. Statistical empirical models of the responses and the significant process parameters among selected parameters were developed in this work. From this work, the following conclusions can be drawn: 
Appendix
The design matrix of process variables and the measured responses, ANOVA tables of the responses and the diagnostic plots are shown below: See Tables 7, 8 , 9, 10 and Fig. 19 . 
